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ABSTRACT 
 
Mars Exploration Rover (MER) Panoramic Camera (Pancam) Twilight Image Analysis 
for Determination of Planetary Boundary Layer and Dust Particle Size Parameters. 
(December 2010) 
Stephanie Beth Grounds, B.S., Angelo State University; M.S., University of Phoenix 
Chair of Advisory Committee: Dr. Mark Lemmon 
 
 How the dust cycle works on Mars is a key atmospheric issue, as the dust cycle is 
arguably the dominant cycle in the current Martian climate. In addition, how much is 
known about the Martian planetary boundary layer is mostly determined from models 
with very little in-situ data from contemporaneous studies to validate such boundary 
layer characteristic assumptions, and the model studies have not been able to define a 
known height for a possible boundary layer on Mars using ground-based investigations 
prior to this research. The Mars Exploration Rovers (MERs), however, show promise in 
offering a unique chance to take surface-based measurements to offer support for dust 
and boundary layer measurements made from remote sensors. There are three main 
objectives of this study: to constrain the late-afternoon maximum height of the boundary 
layer for both MER sites, to constrain the mean particle size and variance of the size 
distribution in the atmosphere, and to use these results to demonstrate that sunset and 
twilight imaging is a useful survey of otherwise difficult-to-determine parameters that 
are needed in several tools for studying Mars’ atmosphere. 
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 A modeling approach using twilight-based Sun imaging by the MERs (Sol 1959 
for Spirit and Sol 695 for Opportunity) is used to constrain boundary layer and dust 
particle size parameters. After determining which parameters control which observables, 
resulting elevations and azimuths are matched up to specific observations from the 
available MER datasets. A Monte Carlo code produces the model that is then compared 
to Sol data with plotting of resulting error. Results include PBL height and structure 
estimations and plots along with generalized particle size information for each MER site 
on the given Sol. Figures show comparisons of this study’s particle size results with that 
of previous studies as well as maps of fit qualities for boundary layer parameters 
compared to a contemporaneous modeled scale height estimation. Results show promise 
for planning future MER-based campaigns and models. 
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1. INTRODUCTION: THE IMPORTANCE 
OF MARTIAN DUST RESEARCH 
 
Mars has frequently been the subject of mankind’s wonder and imagination. 
From the “discovery” of Mars before recorded history while man looked up into the 
night sky to the multitude of Mars enthusiasts who search for new Rover images as soon 
as they are available, Mars has seemed to invoke more questions than science currently 
has answers for. One particular question that needs to be answered concerns the planet’s 
boundary layer and associated dust structure. How much is known about the Martian 
planetary boundary layer is mostly determined from models with very little in-situ data 
from contemporaneous studies to validate such boundary layer characteristic 
assumptions, and the model studies have not been able to define a known height for a 
possible boundary layer on Mars using ground-based investigations prior to this research 
 (Sorbjan, 2007a, 2007b; Taylor et al., 2007; Hinson et al., 2008; Sorbjan et al., 2009; 
Spiga and Forget, 2009; Spiga et al., 2010). The Mars Exploration Rovers (MERs), 
however, show promise in offering a unique chance to take surface-based measurements 
to offer support for dust and boundary layer measurements made from remote sensors 
(Lemmon et al., 2004a).  
Mars has different atmospheric characteristics from those on Earth. For example, 
the solar constant for Mars is approximately 44% of the value for Earth (varying by 
approximately 20%), and the temperature ranges on Mars (- 125°C to +25°C) slightly  
____________ 
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overlap those on Earth (- 80°C to +50°C) (Larsen et al., 2002). A larger fraction of the 
solar radiation reaches the surface of Mars (up to 80%) as compared to what reaches the 
surface of Earth (up to 50%), and the near-surface air temperature is quite lower on Mars 
(- 50°C compared to 15°C on Earth) (Larsen et al., 2002). The Martian atmosphere is 
also composed mainly of carbon dioxide, and the surface pressure on Mars is less than 
one hundredth of that on Earth (Larsen et al., 2002). Due to a relatively high eccentricity 
in orbit, Mars also exhibits differing amounts of carbon dioxide condensation at the 
poles during the winters, which thereby causes a variation of air pressure during the 
Martian year (Larsen et al., 2002). Parameters controlling planetary boundary layer 
characteristics such as air pressure (1015 hPa on Earth and 6 – 7 hPa on Mars) and 
density cause subsequent differences in kinematic viscosity, heat capacity, and heat 
conductivity between the two planets (Larsen et al., 2002). Other parameters such as 
length of day and atmospheric scale heights are very similar between the two planets 
(Larsen et al., 2002). Table A1, adapted from Larsen et al., 2002, shows a set of 
parameters and the values for both Earth and Mars.  
This study seeks to establish a means of using Mars Exploration Rover data to 
demonstrate that sunset and twilight imaging is a useful survey of otherwise difficult-to-
determine parameters that are needed in several tools for studying Mars’ atmosphere. 
This thesis will utilize a Monte Carlo-based model analysis of a set of sensitivity test-
determined parameters and then apply data from sunset images taken by both rovers to 
determine boundary layer and general dust size parameters. This method will prove to be 
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an innovative use of Mars rover imaging datasets for both boundary layer and dust 
parameter applications.  
 
1.1    Background and Previous Research   
How the dust cycle works on Mars is a key atmospheric issue, as the dust cycle is 
arguably the dominant cycle in the current Martian climate (Kahn et al., 1992). One 
important aspect of this cycle is how the vertical dust distributions act as a tracer. Other 
issues lie with the lack of knowledge of Martian boundary layer characteristics and how 
the Martian boundary layer responds to the very different Martian conditions as 
compared to the relatively well-measured boundary layer on Earth. In order to 
understand the dust cycle itself, fundamental knowledge of the physical and 
mineralogical properties of Martian dust is necessary.  
Remote sensing has long been the key source for most of the knowledge 
concerning Martian dust parameters and vertical distribution structure. Scientists have 
determined from prior measurements completed by remote sensing observations that the 
Martian dust is not spherical, but rather the dust is more likely an amorphous shape or 
even an aggregate shape of several particles (Pollack et al. 1979). Dust particle size and 
shape are related to residence time in the atmosphere, which in turn relates to how far 
dust can be transported during a lifting event. Dust can be transported via giant regional 
or planet-wide dust storms as well as via the movement of dust devils across the surface. 
The movement of dust in the Martian atmosphere is the main method through which 
resurfacing occurs today, and sedimentary structures literally come and go as the dust 
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entrainment and deposition change. Soil weathering is thought to be the main method 
that micron-sized dust particles become the key component of Martian aerosol (Korablev 
et al., 2005). The vertical distribution of these particles can then be used to determine 
boundary layer structure. 
 On Earth, the boundary layer represents an important concept for atmospheric 
modeling and measurement. The Earth’s surface acts as the lowermost boundary 
condition for the atmosphere and interacts directly with the boundary layer itself, which 
in turn is greatly affected by this periphery (Wallace and Hobbs, 2006). There are 
several characteristics that define the PBL on Earth. The boundary layer can have 
heights from tens of meters to 4+ km above the surface, but the layer is normally ~1 -2 
km in height (Wallace and Hobbs, 2006). Turbulence is found as superpositions of eddie 
swirls throughout the boundary layer, and it is this turbulence that allows for the 
dispersion of pollutants to the surface regions (Wallace and Hobbs, 2006). Within the 
boundary layer on Earth, heat and moisture are trapped and act as vital components 
necessary for convective clouds, and these clouds help drive weather patterns and can 
result in severe weather (Wallace and Hobbs, 2006). Changing weather patterns and a 
general diurnal cycle within the boundary layer also result in regional variations in 
boundary layer structure (Wallace and Hobbs, 2006).  
Theoretically, the Martian boundary layer is a region in the lower atmosphere of 
Mars where vertical heat transport and dust are generally turbulence controlled, similar 
to the boundary layer on Earth (Zent et al., 1993). Based upon theory and modeled 
results, several assumptive statements about the boundary layer can be made. Turbulence 
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within the boundary layer can be mechanically or thermally driven, depending on the 
conditions (Zent et al., 1993). The boundary layer can vary from an average gas scale 
height of ~ 10.8 km in some regions during the day (Geirasch and Goody, 1968) to a few 
hundred meters above the Martian surface during the night (Haberle et al., 1993). The 
boundary layer is able to move a considerable atmospheric fraction on a daily basis, and 
therefore it is an important part of material exchange between the atmosphere and 
Martian surface, also similar to Earth (Zent et al., 1993). The convective boundary layer 
must exist on Mars without the deep convection associated with latent heat release from 
water vapor and cumulus clouds, however, as these atmospheric constituents do not play 
as large of a role on Mars as on Earth (Taylor et al., 2007). Boundary layers have been 
used in models for dust storm decay, and an influence on radiative heating due to a non-
static dust distribution following a storm can be expected to affect the atmospheric 
structure (Taylor et al., 2007; Davy et al., 2009). According to temperature readings at a 
potential Phoenix Lander site near the North Pole during Northern Spring, a diurnal 
cycle of temperatures from -80°C to -10°C at the near-surface region implies a 
likelihood of a rather deep afternoon convective boundary layer (Taylor et al., 2007).  
The Martian Planetary Boundary Layer (PBL) is not well documented (Sorbjan, 
2007a, 2007b; Taylor et al., 2007; Hinson et al., 2008; Sorbjan et al., 2009; Spiga and 
Forget, 2009; Spiga et al., 2010). Previous research has shown that the boundary layer 
on Mars is difficult to describe either dynamically or structurally without measurements 
to validate model results. According to Martinez et al. (2009) there are three main 
categories of papers referring to Martian PBL studies: analytical 1-D simulations 
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(Gierasch and Goody 1968; Blumsack et al., 1973; Magalhaes and Gierasch 1982; Ye et 
al., 1990; Savijärvi 1991a, 1991b; Haberle et al., 1993; Savijärvi 1995; Savijärvi 1999; 
Savijärvi et al., 2004; Määttänen and Savijärvi 2004), 2-D models including surface 
layer similarity models (Savijärvi and Siili 1993; Siili et al., 1997; Odaka 2001), and 3-D 
models including large-eddy simulation (LES) models (Rafkin et al., 2001; Toigo and 
Richardson 2002). The results from these studies can generally be put into three main 
classes: vertical profiles (for temperature, radiative and turbulent heating rates, wind 
speed, and kinematic heat fluxes for specific times), diurnal in situ measurements used to 
test the model, and the ground energy balance (Martinez et al., 2009). These studies do 
not, however, define the Martian PBL characteristics in connection with ground truth 
observations from the MERs utilizing Pancam and a twilight imaging strategy.  
The Martian PBL’s meteorological parameters have rarely been determined via 
direct measurement (Smith et al., 2006), but certain in-situ measurements of the PBL 
have been previously made by Pathfinder and the Viking landers, allowing for a few 
PBL characteristics to be determined which can then be used in models (Hinson et al., 
2008; Smith 2008; Spiga et al., 2010). During parachute descent, both Viking Landers 
were able to directly measure temperature in the Martian PBL (Seiff and Kirk, 1977; 
Smith et al., 2006). In addition, selected heights within a 1.5 meter layer above the 
surface of Mars were measured for parameters such as temperature, pressure, and wind 
velocity by the Viking and Pathfinder Landers (Hess et al., 1977; Sutton et al., 1978; 
Schofield et al, 1997; Smith et al., 2006). Occultation observations by Mariner 9 (Kliore 
et al., 1973), the Viking orbiters (Lindal et al., 1979), Mars Global Surveyor (Hinson et 
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al, 1999, 2001) and Mars Express (Hinson et al., 2008) only resulted in scattered 
remotely observed profiles which were not resolved enough vertically to provide distinct 
details about the boundary layer (Sorbjan et al., 2009). TES from Mars Global Surveyor 
retrieved temperature profiles from orbit (Christensen et al., 2004), but vertical 
resolution was not adequate to resolve the boundary layer characteristics (Sorbjan et al., 
2009; Spiga et al., 2010).  
Observations including temperature profiles and dust column optical depth have, 
however, been made using the MER Miniature Thermal Emission Spectrometer (Mini-
TES) thermal infrared spectra (Smith et al., 2006). MER-based Mini-TES spectra have 
been used in the determination of generalized boundary layer parameters for Martian 
GCMs. Mini-TES spectra were collected in both the upward-looking and downward-
looking geometries in the Smith et al. 2006 study. By using a timescale of a full Martian 
year, these spectra allowed for investigations into annual temperature variations as well 
as diurnal growth and decay of a highly superadiabatic layer found near the surface 
(Smith et al., 2006). Mini-TES observations were used to observe general timescales, 
duration times, and overall intensities of multiple local- and regional-scale dust storms, 
and upward-looking Mini-TES research can also be used to provide a “snapshot” of the 
convective and turbulent characteristics of temperature perturbations within the PBL 
(Smith et al., 2006). Turbulence is a possible factor for a higher PBL than assumed by 
the Mini-TES and other models as this would allow for better mixing during the highly 
convective daytime periods only to have that convection wane as sunset approaches. 
Mini-TES observations for the MERs were also made for the same seasonal time period 
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as radio occultation data from Mars Express, but the results when compared to the 
occultation data were inconclusive due to a lack of collocation and local time 
measurements (Hinson et al., 2008). Vertical potential temperature profiles were 
determined by the Spirit MER in 2004-2005 during the first 702 Sols in a study by 
Sorbjan et al. (2009). These temperature profiles in the 2009 Sorbjan et al. model were 
determined using mini-TES measurements up to a 2 km point above the surface and 
were used to reconstruct both a diurnal and seasonal structure of the lower 2km portion 
of the Martian CBL as well as evaluate the boundary layer depth structure. Mini-TES 
observations show possibilities when determining parameters which can be used to 
resolve boundary layer characteristics, but these Mini-TES measurements do not offer 
the spatial or temporal scale needed to make these determinations efficiently for the 
entire height of the PBL. A soil-atmosphere column model by Savijärvi and Kauhanen 
(2008) was compared to Mini-TES observations from the rovers, and while it was found 
that surface temperature profiles were well simulated overall by the model, an 
overestimation of the temperatures during the perihelion/summer period was possibly 
due to mishandling of dust within the model itself. Dust accumulation on the rover 
optics, calibration drifting during the relatively long rover lifetimes, and sensitivity to 
pressures and initial temperature profiles may have caused skewed results within the 
model (Smith et al., 2006; Savijärvi and Kauhanen 2008). Both the Savijärvi and 
Kauhanen (2008) model and the MER direct Mini-TES observations showed a very 
defined warming and cooling daily behavior with a robustly superadiabatic surface layer 
during the morning hours (due to thermal emission from solar heating of the ground 
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being partially absorbed by relatively cooler dust and CO2 aloft) and a convective 
boundary layer (CBL) being created by the convection that carries this absorbed heat 
upwards. The surface layer is then cooled according to Savijärvi and Kauhanen (2008), 
and during the evening hours, a robust surface inversion results through radiative 
cooling. Both Mars Odyssey THEMIS and Mars Global Surveyor TES was able to 
observe the December 2003 dust storm prior to the rover landings, and later observations 
show differences between dust optical depth between retrieved values from orbit and 
those found by Mini-TES (orbital values tend to be systematically lower than Mini-TES 
values by ~ 10 – 50%) with these differences in dust optical depth possibly being due to 
the fact that a well-mixed profile is assumed for Mini-TES observations (Smith et al., 
2006). 
Large-eddy simulations (LES) have been studied with respect to the Martian PBL 
that focus on arid, shallow, daylight-based convection which in turn represents a quasi-
steady Martian atmosphere, and as Martian air is thinner, the PBL has a strong response 
to turbulent fluxes with pronounced Martian turbulence due to a smaller gravitational 
effect and lower air density (Sorbjan, 2007a, 2007b). Comparisons between RO 
retrievals and LES data were used by Spiga and Forget (2009) and Spiga et al. (2010) to 
quantitatively compare LES predictions with measured parameters. Mars Express RO 
temperature profiles and simulations using large-eddy approaches from the Martian 
mesoscale model were used to determine the structure of the Mars convective boundary 
layer (CBL) (Spiga and Forget 2009; Spiga et al., 2010). Laboratoire de Météorologie 
Dynamique (LMD) schema for soil, surface layer, and radiative transfer Mars 
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parameters were combined with the Weather Research and Forecast non-hydrostatic 
model core as the main focus for the 2010 Spiga et al. study. A positive correlation was 
also found between planetary topography and upper height limit for the boundary layer 
(Spiga et al., 2010). This correlation further emphasizes a need for collocation of study 
areas to be used in study comparisons. In a two-part study by Sorbjan (2007a, 2007b), it 
was found that by using LES the simulated boundary layer was found to have a three-
layer structure, but observations were not available to validate this boundary layer 
structure. In a study by Taylor et al. (2007) a one-dimensional (horizontally 
homogeneous) unsteady eddy diffusion model was studied with the intent to characterize 
dust particle size and height distributions in the Martian PBL. Measurements from the 
Phoenix Lander using LIDAR backscatter to determine Martian PBL layering and depth 
characteristics were to be used to validate this study. The Taylor et al. (2007) model was 
intended to examine likely circumstances for the dust size distribution in the lower 
Martian atmosphere, and the modeled dust was assumed to either be advected from an 
outlying source or dust stemming from a local source. In the advection case, the initial 
dust size distribution within the atmosphere followed a modified gamma distribution. 
Large dust particles deposit rapidly from the atmosphere while the smaller dust particles 
are well mixed to the upper limit of the afternoon Martian PBL with much slower 
deposition rates than the larger particles (generalized settling velocities of ~ 100m/Sol) 
(Taylor et al., 2007). These small particles, if mixed to heights ~10km, can be advected 
through long distances even in the absence of sustained turbulence to continue the 
particle suspension, which is important when trying to decide where dust particles 
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originated (Taylor et al., 2007). In the local sourcing case for the Taylor et al. 2007 
model, surface dust source parameterization was utilized while still maintaining a 
modified gamma distribution for the initial concentrations. Model results showed that 
small particles exhibited rapid mixing within the Martian PBL while the larger particles 
(r > 10µm) remained concentrated along the ground surface while exhibiting a more 
intense diurnal cycle. Small particles with an reff = 1.6µm show variations in both the 
mean and variance of the area-weighted radius in the Taylor et al. (2007) model while 
still being well represented by a modified gamma distribution, but larger particles at the 
surface (r = 50µm) are not well represented by the modified gamma distribution. A 
study by Davy et al. (2010) utilized a coupled boundary layer – Aeolian dust model to 
determine how emission, scattering, and absorption by dust particles would affect the 
boundary layer and by doing so, affect the dust allocation within the atmosphere.  
In other studies the modeled PBL is found to have a range of varying heights 
from ~ 4 – 10 km using varying techniques. Hinson et al. (2004, 2008) used a May – 
August 2004 time period with radio occultation (RO) experiments from Mars Express 
which included a discrete and well-mixed convective boundary layer (CBL) showing 
differences in depth ranging from ~8 – 10 km over higher elevations and ~ 4 – 6 km over 
lower surface elevations due to a larger impact of solar ground heating where surface 
pressure and atmospheric density are nominal over higher elevations. Properties from 
Tomasko et al. (1999) were used for both “a” (1.6µm) and “b” (0.2µm) in the initial dust 
size distribution in a study by Davy et al., (2010), and the boundary levels in this study 
varied from 6.5km to 9km. In a study by Sorbjan et al. (2009) the study elevation angle 
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was limited to > 20° above the horizon to limit uncertainties due to MER potential 
temperature profile sensitivities to elevation angle, and the overall height of the 
boundary layer was determined to be ~ 1- 2 km/hr from 9:00 to 14:00 Local True Solar 
Time (LTST) using the temperature profiles from the mini-TES observations. Modeled 
boundary layer heights range from around 3 km in late afternoon to ~ 1 km after 
sundown in the Taylor et al., (2007) model, but drawbacks include that a PBL dynamics 
model was used separately from the dust models, spherical dust particles are assumed, 
no observations are available to compare to/validate the model data, and that set 
boundaries of 1km and 10km for the upper and lower boundary layer levels were used. 
A PBL model was coupled with the Taylor et al. (2007) model to determine 
whether or not Phoenix LIDAR would be useable for further study of the boundary layer 
depth as determined using dust distribution (Davy et al., 2010). Model runs within the 
Davy et al. (2010) study were again run for two scenarios: one with dust advection from 
a remote source and one with local dust origination lifted from the surface of Mars by 
surface wind stress. Whiteway et al. (2009) describe a Phoenix Lander ice-cloud 
detecting mission (utilizing a light detection and ranging (LIDAR) instrument and 
measuring dust in the atmosphere) that found a well-mixed PBL on Mars up to a height 
of around 4 km during the summer turbulence and convection. LIDAR measurements 
from the Phoenix Mars mission were interpreted in a study by Daerden et al. (2010) 
utilizing a PBL model coupled with a microphysical model for dust and ice clouds. The 
Daerden et al., (2010) model predicted a depth of 4km for the PBL, which was similar to 
the daytime dust observations from the Phoenix LIDAR. Large-eddy simulations 
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quantitatively reproduced regional disparity as validated by the Spiga et al., (2010) 
model, and boundary layer depths were found to approach 9 km. 
Twilight studies have been completed using scale height models. Twilight is 
defined as the time period when the sun falls below the local horizon, thus resulting in a 
direct solar illumination of the overhead sky (Kahn and Goody, 1981). As the sun sets, it 
shines on progressively higher and higher portions of the atmosphere due to geometry, 
therefore allowing for the probing of different sections of the atmosphere depending on 
timing of the observations. Viking Lander twilight observations were used to probe into 
the atmosphere to determine the vertical distribution of Martian scattering properties 
(Kahn and Goody, 1981). The resulting modeled conclusions found the data to be 
consistent with a dust scale height of 10 km, and a general conclusion of a well-mixed 
atmosphere with consistent lower level dust was made from this study (Kahn and 
Goody, 1981). Due to a lack of useable data to add other parameters to the study, no 
boundary layer information resulted. Lemmon et al. also used a scale height model to 
determine the dust airmass from low-elevation Sun images. Airmass was modeled as if it 
were controlled by scale height as a single-parameter model (Lemmon et al., manuscript 
in preparation, 2010). 
 
1.2 Study Justification and Objectives 
This study will be of specific importance to the creation of global climate models 
(GCMs) for use with Mars-related data as Martian GCMs can be useful tools that allow 
scientists to better understand the Martian atmosphere. GCM builders are in need of 
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observational constraints for their models, and an important part of building Martian 
GCMs is to determine the general structure of the boundary layer. Prior to the MER 
mission, information about the vertical structure well into the Martian boundary layer 
was not readily available (Sorbjan et al., 2009). Current boundary layer estimates for 
models are generally based upon assumption as there is very little measured dust-related 
data available with which to determine the actual heights and parameters for the 
boundary layer on Mars (Sorbjan, 2007a, 2007b; Taylor et al., 2007; Hinson et al., 2008; 
Sorbjan et al., 2009; Spiga and Forget, 2009; Spiga et al., 2010). It is evident that the 
theoretical height of the boundary layer varies depending on the time period studied. As 
there have been relatively few direct measurements of parameters for the PBL on Mars, 
retrieved temperature profiles allow for a generalized parameterization for boundary 
layer schemes utilized by global and mesoscale Martian atmospheric models (Smith et 
al., 2006).  
Another difficult issue to work with in a Martian GCM is the uncertainty of the 
dust as the dust on Mars is a known driver for the deposition of energy throughout the 
atmosphere (Pollack et al. 1979, 1995; Tomasko et al. 1999; Lemmon et al. 2004; Wolff 
et al. 2006). Martian dust acts as an all around climate manipulator due to its sheer 
abundance on the surface and large quantities suspended in the air. Dust particles also 
play a critical role in the Martian climate (through an extended time-scale global 
circulation effect) and the global radiation and energy budget (Markiewicz et al., 1999). 
In addition, the absorption of solar radiation by the dust particles in the Martian 
atmosphere affects the temperature structure and atmospheric dynamical forcing 
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(Tomasko et al., 1999). The airborne dust absorbs sunlight particularly well in the range 
of 400nm to 600 nm and thermal radiation near 9µm (Lemmon et al., 2004a). In general, 
the heating of the atmosphere via absorbed infrared and solar radiation mainly comes 
from absorption by the suspended atmospheric dust particle instead of any of the other 
less abundant atmospheric constituents (Gierasch and Goody, 1972; Pollack et al., 1979; 
Haberle et al., 1982).  
 Previous dust-related studies have been done using both cross-sectional and 
volume-based models and measurements (Pollack et al. 1979, 1995; Tomasko et al. 
1999; Lemmon et al. 2004; Wolff et al. 2006). Martian dust is not easily monitored from 
space through visible imaging due to the similarity in characteristics to the loose dust 
and mineralogical materials upon the surface of the planet, but newer technology in limb 
scanners and IR spectral instruments is attempting to solve this issue (Kahn et al., 1992; 
Smith and Lemmon, 1999; Vincendon et al., 2008a, 2008b). Airborne dust on Mars has 
related radiative properties (including single scattering albedo (ssa) and the asymmetry 
parameter (g)) that depend mainly upon dust particle size, shape, and composition 
(Pollack et al., 1995). Observations and measurements derive that the average effective 
particle radii for Martian dust particles are in the range from 1.5 to 1.7 µm (Tomasko et 
al., 1999; Pollack et al., 1995; Wolff and Clancy, 2003; Clancy et al., 2003, Lemmon et 
al., 2004a; Wolff et al., 2006). Earlier observations using Mariner 9 data resulted in a 
size range of the dust particles of 2.5 to 10µm, and during the peak of the 2001 Martian 
dust storm, TES-derived effective particle radii for the dust particles were found to be in 
a range of 1.0 to 2.5µm (Hartmann and Price, 1974; Conrath 1975; Wolff and Clancy, 
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2003; Clancy et al., 2003). Particle effective radii ranges are different according to 
measurement type, model used (if any), and measurement method. With the exception of 
the Wolff et al., 2006 infrared study, these measurements have been done at different 
times than the study presented in this thesis, which makes direct comparisons between 
studies difficult due to the inherent variability of dust particle population and 
characteristics with time. 
Another way that dust-related measurements are important to Mars research is 
that they will aid in the facilitation of the success of the first manned mission to Mars. 
The presence of dust is a known major hazard for missions to Mars, both manned and 
robotic (Sharma et al., 2008). The hazards are numerous and range from the 
accumulation of dust upon critical solar panels, various seals, photovoltaic cell surfaces, 
and instrumentation mechanical and optical surfaces to health hazards to flight crews 
and astronauts (Sharma et al., 2008). In addition, the electrostatic properties of the 
charged dust particles can mean disaster via critical component failure and related injury 
to the crew (Beaty et al., 2005). It is vitally important to be able to approximate the dust 
that will be found on the Martian surface in order to prepare for a manned mission to 
Mars. Dust properties such as size are important to sending a manned mission to Mars 
because the potential harm to humans is directly related to both the amount of dust in the 
small end of the size distribution and its mineralogy. Spacecraft, crew suits, living 
quarters, medical treatment supplies – all of these things will have to be able to take on 
the rigorous daily life on a planet comprised mostly of dust. Plans need to be made now 
to make dust-resistance a certainty prior to sending the first man to Mars.  
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There are three main objectives of this study: to constrain the late-afternoon 
maximum height of the boundary layer for both MER sites, to constrain the mean 
particle size and variance of the size distribution in the atmosphere, and use these results 
to demonstrate that sunset and twilight imaging is a useful survey of otherwise difficult-
to-determine parameters that are needed in several tools for studying Mars’ atmosphere.  
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2. OBSERVATIONS 
 
The Mars Exploration Rovers (MERs) began their traverse across the Martian 
surface on 4 January 2004 [Spirit, landing at Gusev crater – 14.75°S, 175.48°E] and 25 
January 2004 [Opportunity, landing at Meridiani Planum – 1.95°S, 354.47°E] (Lemmon 
et al., 2004a). The rovers Panoramic Camera (Pancam) is comprised of a pair of 
stereoscopic multispectral cameras that are mast-mounted 1.5m above the Martian 
surface and have separate sets of eight-position filter wheels for each stereoscopic “eye” 
(Bell et al., 2003). Pancam offers multi-spectral observations via these filters (denoted as 
L1-L8 and R1-R8, L and R are notations for left and right) (Lemmon et al., 2004a). In 
addition, Pancam is both calibrated and designed to be able to function at varying 
temperatures on the Martian surface (-55°C to +5°C) while also allowing for sun-finding 
to aid rover navigation, digital modeling of Martian surface terrain, high-resolution 
imaging for sampling in an in-situ environment, and general mission support (Bell et al., 
2003). Pancam acts as a multi-function camera – acting as a multi-spectral general 
science imager as well as the main camera for imaging the sun (Bell et al., 2003). 
Pancam images taken horizontally of the low-positioned sun as it traverses the sky and 
vertically based images of the sun at the highest “noon” point in the sky can both help 
determine various dust properties such as single scattering albedo (Pollack et al., 1995; 
Tomasko et al., 1999; Markiewicz et al., 1999). The filters are generally used for either 
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geological imaging or solar imaging, and the redundant wavelength filters for both left 
and right Pancams are used for both stereo two-color imaging and failure redundancy 
measures (Bell et al., 2003). There is instrumental scattered light, but the scattered light 
from the sky is three orders of magnitude larger, so the instrumental scattered light in 
this study is ignored.  
Solar longitude (notated by Ls) is defined as 0 and 360 at northern spring Martian 
equinox and at approximately 90 at northern summer solstice. Spirit Sol 1959 (with solar 
elevation 1.1° and visible optical depth 0.49) and Opportunity Sol 695 (solar elevation 
0.7° and visible optical depth 0.77) are the individual Sols used for the analysis. Both are 
within dust storm season, which is roughly during aphelion (Ls = 150) to the end of 
southern summer (Ls = 360, or 0). Martian dust storms are known to be particularly 
active during Ls = 220 through Ls = 330.  Figure B1 shows optical depth for the MERs 
with data for Opportunity Sol 695 and Spirit Sol 1959 shown as black stars (Lemmon et 
al., 2004a; Lemmon et al., manuscript in preparation, 2010). 
The data considered in this study consists of sky images near sunset, using the 
Pancam violet (L7) filter. Figure B2 shows pseudo-color sunset images from Spirit Sol 
1959. The 15 images were taken from rover sequence AP2678, during which the Sun 
moved from 5.7° elevation to 1.1° elevation. The pseudo-color is used to show the large 
dynamic range and to enhance intensity. The brightness fades with distance from the Sun 
(controlled by narrowness of the single-scattering peak) and increases with elevation 
near the Sun (extinction and scattering controlled by airmass). The brightness also fades 
as the Sun sets (extinction controlled by airmass). Figure B3 shows sunset images in 
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pseudo-color from Opportunity Sol 659. The nine images were taken from rover 
sequence BP2662, during which the Sun moved from 2.0° elevation to 0.7° elevation. 
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3. METHODS 
 
 In this section the general processes behind the model and code are discussed. 
After determining which parameters control which observables (parameters and 
descriptions are found in Table A2), the resulting elevations and azimuths can then be 
matched up to specific observations from the available MER datasets. A Monte Carlo 
code produces the model that is then compared to Sol data with plotting of resulting 
error. Results include PBL height and structure estimations along with generalized 
particle size information for each MER site on the given Sol. In the single scattering 
section, considerations for the modeling process include assumptions, simplifications, 
and parameter information. The multiple scattering section includes considerations 
include information about Monte Carlo and backward Monte Carlo techniques and how 
they are applied to the model. Finally, a section describing the model implementation 
and data analysis steps through the model process in detail, including how boundary 
level dependence was determined from a preliminary one-layer model, how sensitivity 
tests were run to decrease the number of free parameters, and how a grid system was 
devised for image analysis.  
 
3.1 Single Scattering Considerations 
Mie scattering for dust particle sizes found on Mars predicts strong and high 
frequency oscillations. These oscillations are not observed, however, and this has 
resulted in modeling for scattering by irregular dust particles on Mars by lending 
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credence to the assumption that the dust particles are not spherical (Pollack et al., 1979; 
Pollack et al., 1995; Tomasko et al., 1999; Lemmon et al., 2004a). From Viking 
measurements to Pathfinder measurements, a parameterization of scattering by irregular 
particles has been utilized (Pollack et al., 1995; Tomasko et al., 1999). This model also 
makes the irregular particle assumption and uses the irregular particle parameterization 
described by such studies, which thereby introduces mathematical complications. While 
the radius alone adequately constrains the particle size for a sphere, for an irregular 
particle the dimensions needed for constraint on particle shape and size can be infinite 
due to the inhomogeneity of the particles themselves. To simplify the particle 
constraints, this study uses effective particle radius (a) and particle size distribution 
variance (b) parameters to determine the dust shape and size distribution. If the dust 
particles were a different shape (cubic or oblate for example), then another approach to 
determine the shape would be needed. Mars dust does not have regularity in dust shape, 
so a simplification of shape parameters must be assumed for simplicity of the model 
where the physics cannot easily be done. 
A single scattering approach is utilized that is similar to the treatment used for 
single scattering by irregular particles by Tomasko et al., 1999, which in turn is adapted 
from a method previously used by Pollack and Cuzzi 1980. Scattering by particles below 
a critical size threshold are estimated using Mie scattering while larger particles are 
approximated by a sum of light that goes around a dust particle via diffraction, light that 
is bounced off the surface of the particle via external reflection, and a parameterized 
approximation for light transmitted internally by the particle (Pollack and Cuzzi, 1980; 
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Tomasko et al., 1999). Less than 10° from the sun diffraction dominates, and farther 
away from the sun transmission and reflectance dominate. If the reflection and 
transmission values are altered, then the phase function away from the sun itself is also 
altered, but the doubling of the light itself at this point will have a small effect on what is 
seen near the sun.  
The model works so that if the imaginary index of refraction is changed, less 
light is transmitted, and the single scattering albedo is smaller while the shape of the 
phase function curve will remain the same. This is not necessarily realistic in nature, but 
this is an assumption made for the model again for simplicity. Any viewing angle below 
15° above the horizon requires that a spherical shell atmosphere approach be used 
instead of a plane-parallel approach, and this study is looking at the sky at between 5° 
and 8° above the horizon. There is no need to perform Rayleigh scattering based on 
molecular scattering with CO2 because the Martian atmosphere is only 7/10 of a percent 
as thick as Earth’s atmosphere, and Rayleigh scattering has a very small effect in this 
case, even in the blue wavelength portion. Polarization is also ignored due to the fact that 
polarization of the dust on Mars is small and is not well known. 
Single-scattering parameters include wavelength (λ = 0.443 µm) from the 
instrument description (Bell et al. 2004a, 2004b), nr (1.5), from Tomasko et al. (1999), G 
(115), θmin (138), ni (0.0101), from Johnson et al. (2003), optical depth (τ = 0.77 for 
Opportunity site and 0.49 for Spirit site) from rover solar imaging (Lemmon, 2004b), 
and the size distribution mean and variance (a, b), tested in the models described below. 
Single scattering is made up of Mie scattering for the small particle part of the size 
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distribution and parameterized scattering for large particles (X> 5), with typical 
components shown in Figure B4. The parameterization includes diffraction, modeled as 
diffraction around a disk, for each size in the distribution, and prescribed reflection and 
internal transmission. Internal transmission is assumed to have a quadratic shape in log 
space specified by the angle of the minimum, θmin, and G, the slope of the log of the 
phase function at angle 0 (Pollack and Cuzzi, 1980; Showalter et al., 1992). The phase 
function is then normalized, so the third constraint is arbitrary. Tomasko et al. (1999) 
showed that such a model is effective at numerically representing laboratory results for 
scattering by irregular particles. The model is not very sensitive to ni (imaginary index of 
refraction), G, and θmin when looking at a phase function not far from the sun (low 
sensitivity to mid- or large-angle scattering), so these values are modified from Johnson 
et al., 2003 and Tomasko et al., 1999.  
The violet L7 filter is the most diagnostic of the filter set due to a shorter 
wavelength and narrower forward scattering profile, and it is the filter used for the 
analysis. As the study looks at the forward scattered light immediately near the sun, this 
is an important aspect to allow for the most diagnostic approach while shortening overall 
model run time by limiting filters for the runs. When the sun is low, the light has been 
scattered multiple times with each scattering event widening the photon distribution 
around the sky. By using a filter with a narrow forward scattering profile, the data is 
smoothed to a lesser degree than when using a wider photon distribution by keeping the 
photons in a relatively straight path between the camera and the sun. Essentially the 
photons have a better concentration which aids the model by keeping other noise out of 
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the runs. This is in addition to the physically shorter run time when using one filter 
rather than a combination of two or more filters. 
 
3.2 Multiple Scattering Considerations 
A Monte Carlo technique was chosen for this study because of the geometry of 
the viewing angle for the MER Pancam. The images under consideration show the sky 
near the Sun, at elevations of a few degrees. Under these conditions, plane-parallel 
assumptions break down: the airmass (ratio of slant path optical depth to normal optical 
depth) approaches infinity for a plane-parallel atmosphere at sunset, but is limited to 
around 20 for the Martian atmospheric scale height (about 11 km) and radius (about 
3394 km). A Monte Carlo approach allows for the specification of arbitrary spherical 
geometry. The spherical-shell atmosphere is divided into multiple concentric spherical-
shell layers, thereby allowing the application of different scattering and absorption 
coefficients and aerosol phase matrices in each layer that can be varied with altitude to 
allow for studies of the sky at twilight (Collins et al., 1972). 
The Monte Carlo method is a method that uses statistical integration. When using 
a Monte Carlo method, the geometry is important, but the method of determining the 
phase function is not. Monte Carlo methods are the answer to the statistical integration 
versus time issue. Using classical integration, an area under a curve is subdivided and 
the point is counted as either in or out of a specific subdivision. Because the subdivision 
is not infinitely small, this is still only an approximation, albeit a close one. Adding in 
extra dimensions due to the fact that scattering is infinitely dimensional is an additional 
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numerical challenge. Monte Carlo allows for the random assessment of whether or not 
the photon is within the constrained area. Most points will miss the area, so the more 
constrained the area can be while still containing all possible solutions, the better. The 
error is roughly the square root of the number of points that fall on the curve. 1000 
points in the area and 100 on the curve means a 10% error. With Monte Carlo 
constraints, however, the same 10% error can be achieved with 150 points for example 
due to the fact that the possible area for the point to fall on is as close to the curve as 
possible. 
A backward Monte Carlo method is used in this case because it is the same 
general effect as constraining the photons, and the algorithm in this study is based on 
Collins et al., 1972. Half of Mars can see the sun at any given time, but only a small 
portion of Mars can see Pancam. The procedure for backward Monte Carlo is the same 
as time reversal (instead of simply exchanging the source and detector positions) 
(Adams and Kattawar, 1978). Instead of following every photon from the sun regardless 
of where it hits on Mars, a backward Monte Carlo method starts at the detected photon 
and reverses the path in time to see how much light could have hit that dust particle and 
scattered to reach the detector. The code takes advantage of the ease of computing single 
scattered light and computes it with a Newton’s method integration. The code assigns a 
weight to the photon, and a photon has a weight of one when it starts. As an absorption 
event happens, a weight fraction is taken away from the photon. Every point between the 
camera and the sun is a possible stopping point at which point the photon will no longer 
be counted. Some fraction of the photons leaving the camera will leave the atmosphere, 
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and these photons are not followed while interaction with the ground (which is described 
as a Lambertian surface in this case) can mean absorption or another scattering event 
(Collins et al., 1972). A very small optical depth is integrated ahead of the photon, and 
this volume is viewed (along with the sun and the dust between the sun and the viewed 
volume). How much non-scattered light gets to the sun from the camera path is of 
importance, and the angle between where the sun is located and where the model is 
looking (along with the phase function) means that the probability is known as to 
whether or not the photon is scattered in a particular direction. If single scattered light is 
being viewed, then the integral is computed by stepping along an optical depth all the 
way out of the atmosphere. Using double scattered light increases the integration 
parameters from one to four. To do this, the integral is first computed through a single 
scattered path, and then the integral is computed over the distance that the photon is 
scattered, what the scattering angle value is, and the optical depth to the next scattering 
event. The code follows the photon until there is only 10
-6
 of it remaining and then it 
abandons it. 
 
 3.3 Model Implementation and Data Analysis 
The structural model used is shown schematically in Figure B5. The atmosphere 
is considered to have two vertical regions. The first is from the surface to the top of the 
boundary layer, and is characterized by a dust size distribution (a, b), scale height (which 
is set to 11.5 km, the scale height for temperatures near sunset at 2 km elevation from 
Smith et al. 2006), and the altitude of the top of the boundary layer, Zlay. The second 
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region is from the top of the boundary layer to the top of atmosphere, and is 
characterized by an arbitrary scale height, generally less than the mean atmospheric scale 
height of 11 km, and the same size distribution as in the boundary layer. The latter 
assumption is arbitrary and not likely to be strictly correct, but the models are not 
sensitive enough to be given too large a number of size distribution parameters. Finally, 
a discontinuity in dust density is assumed at the top of the boundary layer, expressed as 
delta = Nfree/Nboundary. Using specific parameter values for delta, Zlay, and scale heights 
with an arbitrary bottom-of-atmosphere dust density, the optical depth profile is 
calculated and normalized to the observed normal optical depth, allowing optical depth 
to be partitioned between the layers. Table A3 shows parameter ranges that were 
investigated.  
The randomization of the varied parameters was determined in order to cover a 
wide range of 5-dimensional parameter space, and the parameters varied included a and 
b (size parameters), delta (the size of the discontinuity in the boundary level), zlay (the 
height of the lower layer), and Hfree (the height of the upper layer). In order to limit the 
number of parameters that required variation for the new multi-layer model, a sensitivity 
test was run. Characteristics of each layer include physical thickness, an extinction 
optical depth, and a scale height which describes the exponential variation with varying 
altitude within the layer itself. The combined layers are also characterized by a single 
phase function and single scattering albedo. After the parameter variations were 
completed, it was found that the model was most sensitive to phase function type, and 
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therefore particle size. In addition, reasonable layer structure changes also produced a 
significant impact on the model. 
As optical depths are relatively static during the chosen Sols and other 
parameters are varying, the model’s usefulness is tested by using the two sites with 
different optical depths (τ = 0.49 for the Spirit Sol and τ = 0.77 for the Opportunity Sol). 
Images are taken using the L7 filter and are rotated to level the true horizon. A boundary 
layer scale height was assumed to be the atmospheric gas scale height calculated for a 2-
km temperature at 1800 LTST (Smith et al., 2006). The free atmosphere scale height was 
assumed to be the gas scale height calculated for 10° below that of Mars’ equilibrium 
temperature, and airmass was then calculated for a range of the two scale height 
parameters assuming a solar elevation of 3°. An azimuth (± 1°, 2°, 3°, … from the sun) 
and elevation (+1, 3, 5, …) grid is used for modeling, as shown in Figure B6. The 
sampling for elevation is different than that of azimuth because it takes longer for 
Pancam to perform an extra elevation measurement vs. an extra azimuth measurement. 
Intensity was extracted from the images at each azimuth and elevation of the model grid 
and was interpolated to the solar elevations of 1° and 2° from the grid for Opportunity 
and 1°, 2°, 3°, 4°, and 5° from the grid for Spirit. Models were completed over the entire 
random grid, and a comparison was made by looking at log intensity and scaling it to 
match. 
It was shown that all parameters affected the brightness, but there was a specific 
smaller degree of sensitivity when using partial derivatives. By altering which 
parameters are varied and which parameters are kept static, either boundary layer 
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structure sensitivity or particle size sensitivity can be chosen. If the scattering angle (the 
closest line angle from the observation spot to the sun) is kept constant while varying the 
two elevations, particle size will have little influence and boundary layer sensitivity will 
dominate. With the sun at a higher elevation, 
[ ]
[ ]P
I
∂
∂ )ln(
 where P is phase, could be 
examined to determine particle size parameter constraints as was initially attempted by 
the original one-layer well-mixed model. Prior research showed that 
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 where θs is the solar elevation angle, is inherently sensitive to the 
boundary layer during twilight and is sensitive to higher elevations as the sun goes 
below the horizon (Mark Lemmon, personal communication). Viewing the same image 
(which will be at a single solar elevation) while looking across at increasing scattering 
angle will result in particle size sensitivity. This can be utilized to emphasize the 
boundary layer using the same imaging data as is used for the particle size parameter 
constraints. For the non-continuous measurements used for the modeling parameters, 
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∂
=∂ ln in the model. 
A point in the sky from each image in the rover sequences is analyzed in all of 
the model cases to determine how the brightness and time-rate change of brightness is 
controlled by the different parameters. This can be done using linear regression. From 
this point it will be determined which parameters control which observable, and the 
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resulting elevations and azimuths for those parameters can then be matched up to 
specific observations made by each of the MERs. 
 The Monte Carlo code produces the model that is then compared to the data for 
the Sols, and an error is calculated. Error from all of the model runs are calculated using 
two ways of measuring the error – time-rate change (PBL sensitive) and then spatial and 
time-rate change (more particle size sensitive). Each was converted to a reduced chi-
squared parameter so that a value near one is acceptable (about one sigma) while values 
far from one are not. This allows for the exclusion of models with very high error values. 
Overall results from error analysis include a PBL height estimation for each MER as 
well as generalized particle size information for each of the two different MER sites. 
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4. RESULTS AND DISCUSSION 
 
Figure B7 shows a goodness of fit variation with delta for the entire set of 
Opportunity Sol 695 model runs. Fits in the range of ~3.5≤ delta ≤9.0 show a good fit. 
This goodness of fit is determined by utilizing a reduced chi-squared with normalization 
to unity for best fit. A lack of smooth monotonic appearance in the plot is due to a free 
parameter range of five different parameters and inherent noise within the Monte Carlo 
model itself. All model runs are shown as diamonds in the plot, with the red diamonds 
representing parameters other than delta occurring within their optimal values. From this 
a determination can be made that the model dust discontinuity is of order 5 times greater 
at the base of the free atmosphere compared to the top of the boundary layer. The actual 
atmospheric structure may not have a true discontinuity, or may have small scale local 
variability in the height and magnitude of the discontinuity, but these are not resolved by 
the model.  
Figure B8 shows how the goodness of fit varies with boundary layer height (Zlay) 
instead of delta for the sol data for Opportunity. Altitudes of 10-20 km show the best fit, 
although the top is poorly constrained. Boundary layer thicknesses of 4-8 km are 
excluded, although the observations were made at the time of day of maximum 
thickness. 
Figure B9 shows goodness of fit versus free atmospheric scale height (Hfree) for 
the Sol 659 Opportunity data. This parameter is not well constrained by the data, 
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although the few trials of large values did not provide good fits, showing a range of fits 
from the model of 5 – 11.5 km without a range of definite exclusions. 
Plots shown in Figures B10 and B11 show goodness of fit versus effective radius 
(a) and effective variance (b) for the same Sol 695 data. For (a) the best fit is from 1.6 – 
2.3 with worst fit from 1.0 – 1.6 microns, and for (b) the best fit is from 0.6 – 1.3 with 
the worst fit from 0.15 – 0.5. This constrains the effective particle radius at larger values 
for the Opportunity site, and effective variance to higher ranges as well. A larger b value 
results in a wider Hansen-gamma distribution, which in turn limits the amount of useful 
information using this particular distribution.  
In Figure B12, a map of model runs is shown in delta vs. Zlay space. All model 
runs are shown as plus signs. Models with parameters other than delta and boundary 
layer height (Zlay) near optimal values are represented by diamonds. Model runs showing 
adequate fit are shown in red with successively worse fits being shown in green, blue, 
and black in order to give a sense of contours. The shaded region shows parameter 
values that give an elevation-airmass relation that fits Lemmon et al. (manuscript in 
preparation, 2010) observation of low-elevation Sun images. The intersection of the 
region of good fits and the shaded region suggests that a discontinuity of approximately 
4 with a boundary layer height of about 10-15 km is the best model.   
The next series of figures shows equivalent results plots for Spirit. Figure B13 
shows the goodness of fit variation with delta for the entire set of Spirit Sol 1959 model 
runs. A range of delta<1 show the best fit for this parameter. Figure B14 shows the 
goodness of fit varying with boundary layer height instead of delta for the sol data for 
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Spirit, with best fit in the range of 2 –15 km and worst fit in the range from 15 – 20 km. 
Figure B15 varies goodness of fit with free atmospheric scale height for the Sol 1959 
Spirit data, and again this parameter is not well constrained by the data. There is a range 
of fits from the model of 5 – 12 km without a range of definite exclusions. Plots shown 
in Figures B16 and B17 vary goodness of fit with (a) and (b) for the same Sol 1959 data. 
For (a) the best fit is from 2.2 – 2.8 microns with worst fit from 1.3 – 2.0 microns, and 
for (b) the best fit is from 1.0 – 1.4 with the worst fit from 0.175 – 0.7. Figure B18 
shows how the representative modeled results for these particle-size parameters for the 
Spirit data (a=2.4 microns, b=1.2) compare to size distributions of previous studies. In 
each case, the contribution of extinction from each particle size is shown. Again, the 
larger variance values affect the width of the Hansen-gamma distribution, which in turn 
leads to a possibility that another distribution type would provide better, more 
constrained results. In addition, the particle sizes are skewed to both large and small 
values while deprecating values in the middle of the range. The overall shape of the 
curve for this study is wider than some of the other curves, but it is almost on top of the 
Clancy et al., 1995 curve. Note that, first, the Spirit model is similar to the previous wide 
distributions; and second, all of the distributions are similar near their modal sizes, and 
the difference is in relative contributions from the extremes. In fact, the Spirit models 
large size is not as apparent in the figure as is its large variance. 
In Figure B19, a map of fit quality for boundary layer parameters is shown. Note 
that in this case, the assumed free atmosphere scale height is almost the same as the scale 
height measured by Lemmon et al. (manuscript in preparation, 2010) for the whole 
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atmosphere, so the constraint suggests little to no discontinuity at any altitude. The best 
fits for the scattering model show increasing delta for lower altitudes. While the model 
resolution is somewhat lost below 2 km (thus no model runs were attempted), the 
suggestion is that the boundary layer assumptions may be violated. The model seems to 
be pushing toward a uniform atmosphere with a scale height below the one assumed for 
the boundary layer. 
 The two separate sites for the MERs revealed different PBL characteristics due 
to a difference in optical depths for the two sites on the Sols studied. For Opportunity, 
the results show a 5x – 10x dust enhancement at altitudes of 10-15 km, while very 
different conditions were seen by Spirit. A cleaner boundary layer at the Opportunity site 
is not especially surprising. The area appears dark from orbit, suggesting a relatively 
dust free surface. Images on the ground confirm this, and show dark, sand-sized particles 
instead. In addition, dust deposits slowly on Opportunity and is cleaned by winds 
frequently (Mark Lemmon, personal communication). On the other hand, the boundary 
layer is relatively dustier at the Spirit site, where the surface is bright and obviously 
dusty in surface images. Sedimentation of dust onto solar panels is also faster, with 
cleaning events rarer, at the Spirit site.  
The models of both sites suggest large particles and wide size distributions. The 
Spirit data are the most conclusive due to the longer imaging sequence that was 
available. Large particles are not surprising given that both data sets were taken in the 
aftermath of dust storms, with dust still settling out of the atmosphere. The wide 
distributions (b>1) are slightly problematic. First, while some investigators have also 
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suggested wide distributions (Toon et al. 1977, Clancy et al. 2003), many have not. 
Again, following a dust storm there may be a wider range in particle size than after all 
the large particles have settled. Second, while b>1 is physical, it makes the distribution 
so wide that a Hansen-gamma distribution is probably not the best. However, it is 
unlikely there is sufficient data to test not only the mean and variance of the distribution, 
but to also test the detailed shape. 
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5. CONCLUSIONS 
 
 This study utilized MER Pancam twilight imaging datasets during Sol 1959 
(Spirit) and Sol 695 (Opportunity) to measure the height of the PBL and size of the 
discontinuity in dust within and above the boundary layer based upon the decay of a 
Martian dust storm. General particle size ranges were also found. Even though there are 
modeled results utilizing PBL density LIDAR profiles from Phoenix and PBL 
temperature profiles utilizing Mini-TES data from the MERs, the two datasets are not 
from the same site. In addition, previously modeled results utilizing other datasets have 
been lacking in actual ground-based measurements for verification of PBL 
characteristics. 
• The PBL measurements are dependent on geodetic altitude, and MER 
observations are biased to lower altitudes, which in turn likely results in 
thicker PBL results than if the MERs were at a higher altitude at a 
different site on Mars (Lemmon et al., 2004a; Spiga et al., 2010). In 
addition, Spirit’s site was extremely dusty where dust storms can 
originate, but Opportunity’s site was relatively dust-free with dust storms 
blowing through the area (Lemmon et al., 2004a). Also, as seen in the 
schematic in Figure B20, the Spirit site appears to have a negative 
discontinuity while Opportunity shows a positive discontinuity. This 
knowledge combined with the results from this study can be used to plan 
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future missions in order to obtain as much information about the Martian 
PBL as possible.  
• Previous interpretations of IR measurements from global optical depth 
datasets utilize a well-mixed dust profile down to the boundary layer. It is 
possible that changes in IR-to-visible ratios shown by Wolff et al., 2006 
are due to the fact that the dust is not well-mixed. Any interpretation of 
thermal emission datasets based upon the well-mixed assumption may 
also be incorrect if the dust is above or below this estimation and is 
therefore warmer or cooler than estimated, resulting in strong systematic 
errors in measurements of Mars climatology. It is plausible that previous 
studies based on a single well-mixed atmospheric layer could benefit 
from being reassessed using multiple layers and ground-truthed PBL 
heights. 
• The twilight-imaging method can measure PBL characteristics at 
different rover sites with different optical depths while also providing 
insight into dust particle parameter measurements utilizing currently 
available datasets. Both rovers have taken several twilight sequences, and 
the sequences taken within the 1900-2000 timeframe were influenced by 
results from preliminary work in this study. MER datasets are already 
relatively numerous and mostly publicly available, and refinement of this 
study’s approach will allow for a better overall view of the Martian PBL 
and dust parameters. 
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• Results from this study can be used to recommend a strategy for probing 
boundary layer structure during future Mars missions that will be able to 
focus on adding to the datasets for the twilight imaging sequences for 
different time periods and dust-loading situations. While one of the rovers 
is currently out of operation, the other is able to continue imaging, and 
there is always hope that the out-of-operation rover will be functional 
again in the future.  
• Changes in dust loading following local and global storms can be used to 
better model the dynamics of the Martian PBL, and this in turn can help 
climate modelers build more robust Martian GCMs.  
• Measurements to constrain similar models should include a time series of 
images near the setting (or rising) Sun in at least one short wavelength 
filter. The time series should span a wide range of solar elevations similar 
to the Spirit sequence rather than the Opportunity sequence, and they 
should optimally be used to study pre- and post- dust storm skies. Such a 
pair of observations is tentatively planned for Opportunity in the weeks 
before and after the anticipated start of dust storm season (Mark 
Lemmon, personal communication). 
 Overall this study provides a unique approach to determining characteristics of 
both the Martian PBL and dust characteristics. The inclusion of additional datasets in 
continued research will provide a more robust solution to the issue of incorrectly 
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assumed well-mixed dust layer properties utilized in many previous models. This in turn 
will provide an improved general representation of the atmosphere on Mars. 
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APPENDIX A 
 
Table A1  A Comparison of Parameters for Mars and Earth (adapted from Larsen, et al. 
2002). 
Parameter Units Mars Earth 
Gas Composition 
 
CO2 
N2 
O2 
H2O 
Ar 
 
 
 
 
% by volume 
 
 
95 
2.7 
0.13 
0 – 0.2 
1.6 
 
 
0.035 
78 
21 
0 – 4 
0.9 
 
Solar Constant Wm
-2 
591 1373 
Orbital 
Eccentricity 
 0.093 0.017 
Axial Inclination degrees 25.2 23.4 
Length of Day hours 24.65 (1 Sol) 24.00 
Length of Year Earth days 686.98 (669 Sols) 365.26 
Gravity, g ms
-2 
3.7 9.8 
Atmospheric gas 
constant, R 
J kg
-1
 K
-1 
188 287 
Typical surface 
pressure, p 
hPa 7 1015 
Typical surface 
density, ρ 
kg m
-3 
1.5 10
-2 
1.2 
Typical surface 
temperature, T 
K 220 300 
Scale height 
H=RT/g 
kilometer 11.178 8.785 
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Table A2  Model Parameters and Descriptions for Layer Model 
Model Parameter Description 
 Ni  Imaginary Index of Refraction 
Theta min Internal Transmission Angle Minimum 
G Slope of the Log of the Phase Function for Internal 
Transmission at Angle 0° 
Tau Optical Depth 
Lambda Wavelength 
SSA Single Scattering Albedo 
Altitude Where Camera Sits Relative to Surface 
Nphot Number of Photons for Monte Carlo Model 
Wmin Smallest Weight to Follow Photon To 
R_ran Random Seed Test Diagnostic 
Rpla Planet Radius 
Fn Phase function file name  
Gr Ground reflectivity 
Wp Single Scattering Albedo 
Ntheta Number of Theta Values Used 
Theta Negative Solar Elevation (negative value is a positive elevation) 
Naz Number of Azimuths Used 
Azi Azimuth Value 
Nelev Number of Elevations Used 
Elev Elevation (positive value is “up”) 
Numlay Number of Layers 
Hlay Scale Height Within Layer 
Zlay Height Where Layer Starts (0 Value Starts at Ground Level) 
Taulay Tau Value for Layer 
Boundl Truncates Atmosphere 
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Table A3  Varied Parameter Ranges Investigated in This Study 
Parameter Mer A – Spirit Mer B - Opportunity 
Number of Trials 1294 1016 
a range 1.303 – 2.798 microns 1.005 – 2.396 microns 
b range 0.155 – 1.397 0.151 – 1.399 
Delta range 0.192 – 19.429 0.136 – 135.539 
Zlay range 2.069 – 24.980 2.085 – 20.982 
H1 range 5.000 – 11.998 5.009 – 14.896 
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APPENDIX B 
 
 
Figure B1.  MER optical depth records for Spirit and Opportunity shown as a function 
of sol. Observed opacity for filter L8 (blue) and filter R8 (red) is shown with all valid 
measurements presented. The approximate optical depth for Sol 1959 (Spirit) and Sol 
659 (Opportunity) are shown as black stars. An approximate LS scale along the top axis 
is modified to increase through the mission (successive northern spring equinoxes are at 
0°, 360°, 720°, and 1080°). (Adapted from Lemmon et al., manuscript in preparation, 
2010, Figure 1) 
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Figure B2.  Spirit sol 1959 sunset images, pseudo-color. Note that the streak spreading 
vertically from the Sun is due to charge “bleeding” in the detector due to saturation of 
the Sun while exposing for the sky. 
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Figure B3.  As for Figure B5, with Opportunity sol 695 images. The first two images 
show quantization effects that result from underexposure. 
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Figure B4.  Phase function for irregular aerosol. The composite phase function is shown 
(solid line), along with model components from (in order of contribution at 0 degrees: 
diffraction, short dash; transmission, dash-dot-dot; small particle Mie scattering, dot; and 
reflection, dash-dot. Diffraction dominates completely inside 10 degrees, while the 
transmission prescription dominates outside of 20 degrees. Shown for λ=0.43 microns, 
a=2.4 microns, b=1.2, nr=1.5, ni=0.0101, G=115., θmin=138 degrees. 
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Figure B5.  General schematic showing structural model used in study.  
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Figure B6.  Images taken during the sunset sequences of (A, top image) Spirit sol 1959, 
solar elevation 1.1 degrees, visible optical depth 0.49; and (B, bottom image) 
Opportunity sol 695, solar elevation 0.7 degrees, visible optical depth 0.77. For each, 
violet filter (L7) images are rotated to level the true horizon, which is shown as the lower 
horizontal white line. The upper horizontal white line passes thought the center of the 
Sun, as does the vertical white line. The black lines illustrate the azimuth (+-1, 2, 3, … 
degrees from the Sun) and elevation (+1, 3, 5, … degrees) grid used in modeling. 
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Figure B7.  Goodness of fit varies with delta for all B/695 model runs. Goodness of fit is 
determined by reduced chi-squared with normalization to unity for the best fit (see text). 
Goodness of fit is not smoothly monotonic due to both the effect of 5 free parameters 
and the fact that the Monte Carlo model itself adds noise. Diamonds show all model 
runs; those in red show runs where parameters other than delta are near their optimal 
values. 
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Figure B8.  As Figure B7, except goodness of fit varies with boundary layer height for 
all B/695 model runs. 
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Figure B9.  As Figure B7, except goodness of fit varies with free-atmosphere scale 
height for all B/695 model runs. 
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Figure B10.  As Figure B7, except goodness of fit varies with effective radius for all 
B/695 model runs. 
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Figure B11.  As Figure B7, except goodness of fit varies with effective variance for all 
B/695 model runs. 
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Figure B12.  Map of fit quality for boundary layer parameters for B/695. All model runs 
are shown with plus signs. Model runs where parameters other than delta and boundary 
layer height were near optimal are shown with diamonds. Model runs with adequate fits 
are shown in red; to give a sense of contours, model runs with successively worse fits are 
shown in green, blue, and black. 
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Figure B13.  Similar to Figure B7 for sol A/1959.  
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Figure B14.  Similar to Figure B8 for sol A/1959. 
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Figure B15.  Similar to Figure B9 for sol A/1959. 
69 
 
 
Figure B16.  Similar to Figure B10 for sol A/1959. 
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Figure B17.  Similar to Figure B11 for sol A/1959. 
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Figure B18.  The curve is N(r) * Q * Π * r
2
, normalized to 1 at r=lambda (.44  
microns), where Q is extinction efficiency and N(r) is the Hansen- 
gamma size distribution function). Black: a=2.4, b=1.2, representative of this study; 
Red solid = Tomasko et al., 1999 (a=1.6, b=0.5); Red dash = Tomasko et al., 1999 
(a=1.6, b=0.2); Green = Clancy et al., 1995; Blue solid = Pollack et al., 1995; Blue dash 
= Toon et al., 1977.
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Figure B19.  Similar to Figure B14 for sol A/1959. 
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Figure B20.  Schematic showing negative discontinuity for Spirit data and 
positive discontinuity for Opportunity data 
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